Methods of polarization control for optimum operation of the fiber laser as polarimetric fiber-laser sensors are proposed and demonstrated.
Rare-earth-doped fibers are of great interest as fiber-optic amplifiers' and laser sources for telecommunications. Recent developments in fiber lasers showed the possibility of the generation of very short pulses 2 or single-frequency operation with very narrow linewidth, 3 making them attractive for use in future telecommunication systems. Application of fiber sources to fiber sensors has also been studied mainly as an ideal source for fiber-optic gyroscopes that require high power, low temporal coherence, and high stability of the effective emission wavelength. 4 Fiber Bragg gratings that are written directly in the fiber core by photosensitivity 5 and that are used to form fiber-laser cavities have also been used as sensing elements, since the laser wavelength changes in response to the strain or the temperature change at the location of the grating. 6 ' 7 We recently reported a new form of fiber-laser sensor that is based on the beating between the two orthogonally polarized eigenmodes of the fiber-laser cavity. 8 External perturbations to be measured change the net birefringence of the laser fiber, which in turn determines the beat frequency. This type of fiber-laser sensor is similar to the conventional polarimetric sensor except for the fact that the output of the fiber-laser sensor is the beat frequency, a feature that greatly simplifies electronic signal processing. When nonbirefringent laser fiber is used for the laser cavity, as demonstrated in Ref. 8 , two major problems need to be solved before the device becomes practical. One is the uncertainty in the direction of the eigenpolarization modes, since the fiber cavity generally has random birefringence along the length of the fiber that varies in uncontrollable fashion. The other problem is the insensitivity of the fiber birefringence to many of the external perturbations of interest, such as temperature change and longitudinal strain.
In this Letter we propose and demonstrate a solution to the above-mentioned problems by using a polarization-maintaining laser fiber for the laser cavity that has a splice at the center of the fiber with a 90° rotation of the birefringent axis. This approach stabilizes the polarization axes of the laser output and increases the sensitivity of the beat frequency to temperature and strain without introduction of a large net birefringence, which turns out to be important. We also describe a simple method to operate the fiber laser with single-polarization output and show that we can switch the polarization axis by bending one of the two sections of the laser fiber.
The schematic of the experimental setup is shown in Fig. 1 . Dichroic mirrors were secured at the ends of a polarization-maintaining Nd-doped fiber. The fiber cavity was composed of two sections of 1.7-mlong fibers that were butt coupled with a fiber end mounted on a rotation stage so that their birefringent axes could be aligned at a O0 or 900 angle with respect to each other. The Nd-doped fiber (provided by Andrew Corporation) had an elliptic core of dimensions 1.25 Aum X 2.5 Am. The normalized birefringence was -4 X 10-4, and the core-cladding index difference was -0.035. The pump source was an Ar+ laser (514.5 nm), and the optical signal from the fiber laser was detected by a fast InGaAs photodiode through a polarizer followed by an oscilloscope or a rf spectrum analyzer. The transmission axis of the polarizer was set at 450 with respect to the birefringent axes of the Nd-doped fibers in order to obtain polarization mode beating from the laser -A output. The eigenpolarizations from the fiber laser were linearly polarized and oriented along the birefringent axes, as expected. Pump power was maintained at -3 times the threshold pump power, which was -5 mW at the Ar+-laser output. The linewidth of the optical spectrum was -10 nm and centered at 1 .09 1 unm.
First we operated the fiber laser with the birefringent axes of the two fibers aligned. In this case the fiber cavity had a large net birefringence that resulted in a significant difference in the longitudinal mode spacings between the two eigenpolarizations. The LMB frequency was -30 MHz, which agrees with the calculated value. PMB signals disappeared when the polarizer was removed, as expected. As the figure shows, the PMB frequency was randomly distributed over the entire range of the rf spectrum, and it fluctuated in time. As discussed in Ref. 8 , the bandwidth of the PMB signal 3f, is determined by the magnitudes of longitudinal mode spacings for the two polarization modes and the width of the spectrum and is expressed as 8fp = [(n 8 -nf)/n]867. Here (n 8 -nf)/n is the normalized net birefringence between the slow and fast axes of the fiber, and 6v is the optical spectral linewidth of the fiber laser. For the elliptical-core fiber used in the experiment, (n, -nf)/n = 4 X 10-4, and with 8v = 10 nm, 8fp is calculated to be -1.2 GHz, which is much greater than the longitudinal mode spacing of 30 MHz. Since the uncertainty of the PMB frequency is greater than that of the LMB frequency, one expects no clean PMB signals that are useful for the fiber-laser sensors, as confirmed by the experiment.
In order to minimize the net birefringence between the two polarization modes, the slow axis of one fiber was aligned with the fast axis of the other fiber section, as shown in Fig. 1(b) . In this case, the bandwidth of the PMB signal 3fp can be expressed
where AL is the length difference between the two sections of the laser fiber and L is the total fiber length. Therefore a careful balancing of the lengths of the two fiber sections can minimize 3fp. Figure 2(b) shows the PMB and LMB signals with a Sfp of -3 MHz and demonstrates much clearer PMB signals. Figure 3 shows 8f, as a function of AL, with a minimum 6fp of -1.2 MHz near AL = 0. The slight deviation of the minimum position of 8fp from AL = 0 seems to be due to the difference in birefringence of the two sections of the fiber. When 8fp was at its minimum, the PMB frequency was measured as a function of the temperature change and the longitudinal strain applied to one of the sections of the laser fiber. The temperature change was applied to a 64-cm-long section of the fiber that was immersed in a hot-water bath. As Fig. 4(a) shows, a linear relationship with a slope of 30 kHz/(OC cm) was obtained. For the strain measurement, a 55-cm-long section of the fiber was elongated, producing the results shown in Fig. 4(b) , with a slope of 43 kHz/Am. The values of the slopes of temperature and strain measurements correspond to 0.18/( 0 C cm) and 0.26o/Am of phase shift, respectively, between the two polarization modes for a single pass of the light along the laser fiber. These values compare well with published results of 0.52/( 0 C cm) (at 787.8 nm; Ref. 9) and 0.75o/um (at 514 nm; Ref. 10) for conventional polarimetric sensor arrangements that use similar elliptical-core fibers. We can vary the slope coefficients of the fiber-laser sensor by varying the longitudinal mode spacing. This is done through an adjustment of the laser cavity length L. The sensitivity of the sensor can be greatly increased by use of stress-induced polarization-maintaining fiber, because it provides greater sensitivity to the temperature change and the strain compared with elliptical-core fibers.
We investigated other parameters, such as the polarization state of the pump and the bend in the laser fiber, that can influence the polarization state of the fiber-laser output. In these experiments, the pump source was linearly polarized, and its polarization Length difference (cm) Fig. 3 . Bandwidth of the PMB signal versus length difference between the two sections of the laser fiber. direction could be changed by use of a half-wave plate. The first experiment was carried out by use of a single-section fiber laser without any splice in the laser fiber. A complete loop with various radii was introduced for the measurement of the bending effect. Figure 5 shows the laser output power in the polarization axes parallel to the major and minor axes of the core ellipse as a function of the bend radius. The direction of the pump polarization was adjusted so that it was parallel to the major [ Fig. 5(a) ] or the minor [ Fig. 5(b) ] axis of the core ellipse. When the bend radius is large, the laser output power that was produced when the polarization direction was parallel to the pump polarization direction was larger than that produced with the orthogonal polarization direction, as described in the literature."1"
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As the bend radius decreased to less than 7 cm, the power in the minor axis decreased, while the power in the major axis increased. Since the light whose polarization direction is parallel to the major axis of the core ellipse is more tightly guided in the elliptical-core fiber,"a the bending loss is larger for the light whose polarization direction is parallel to the minor axis. At some critical bend radius, only the polarization mode parallel to the major axis can be lased, which will also result in greater gain from the pump power not utilized by the orthogonal polarization. At a much smaller bend radius (less than 3 cm for our experiment), the optical power polarized along the major axis began to decrease. The optical power polarized along the minor (major) axis peaked (dipped) at a bend radius of 5 cm. This phenomenon
is not yet understood. The bending effect described here provides a simple method to produce singlepolarization laser operation without a complicated fabrication process.14"
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When the bend was applied to the laser fiber whose midpoint was spliced with a 90° rotation of the core ellipse, as shown in Fig. 1(b) , the direction of the laser output polarization could be switched between the major and minor axes. We achieved this by shifting the bent section of the fiber between the two spliced sections of the laser fiber.
In conclusion, we demonstrated a fiber-laser sensor with polarization stability and high sensitivity to temperature and strain by using a polarizationmaintaining fiber cavity with a 90° rotated splice in the middle of the fiber. Initial experiments results for temperature and strain measurements produced a scale factor of 30 kHz/( 0 C cm) and 43 kHz/Am, respectively. We achieved single-polarization laser output by simply bending the laser fiber with an appropriate bend radius. The findings described here can be useful for polarization control of fiber lasers that are used in sensors and telecommunications.
